INTRODUCTION {#s1}
============

The gut bacterial communities of mammals can affect host health and fitness via interactions with metabolic ([@B1]), immune ([@B2]), and neuroendocrine ([@B3]) systems. Over evolutionary time, gut bacterial lineages and microbiota compositions have codiversified with mammalian species ([@B1][@B2][@B18]). For example, the evolutionary relationships among gut bacterial lineages recovered from humans and African apes correspond to the evolutionary relationships among their hosts ([@B18]), and compositional differences between the gut microbiotas of hominid species are positively associated with host divergence times ([@B12]). Given the myriad effects of the gut microbiota on hosts, changes in the gut microbiota may select for changes in host species that maximize fitness in the context of their new microbial environment. Under this scenario, adaptive divergence between mammalian species is shaped in part by changes in the gut microbiota.

This hypothesis generates predictions that can be tested experimentally. First, hosts are expected to display higher fitness when colonized with their indigenous gut microbiota than when colonized with the gut microbiota of a different host species. Second, reductions in host fitness caused by foreign gut microbiotas are expected to be proportional to the evolutionary time separating the host species. There is experimental evidence for adaptation to the gut microbiota in *Nasonia* wasps: germfree wasps inoculated with the gut microbiota of a host of a different species displayed reduced survival relative to hosts inoculated with their endogenous gut microbiota ([@B19]). Similarly, germfree mice inoculated with human microbiota display stunted development of T-cell diversity relative to germfree mice inoculated with mouse microbiota ([@B20]), suggesting that mice have adapted to their native gut microbiota. However, the possibility that closely related mammalian species have adapted to their species-specific gut microbiotas has not been tested by experiments with gnotobiotic hosts. Experiments with conventionally reared (i.e., not germfree) *Peromyscus* mice showed that hosts display reduced digestive performance when inoculated with the gut microbiotas of hosts of different species in some cases ([@B19]). This observation could indicate the adaptation of *Peromyscus* lineages to their species-specific gut microbiotas, but it could also reflect acclimation of *Peromyscus* individuals to the gut microbiota with which they developed.

RESULTS AND DISCUSSION {#s2}
======================

We sought to develop an experimental system with which to test how the gut microbiota shapes the adaptive evolution of a mammalian host. We acquired wild-derived inbred mouse lines of Mus musculus *domesticus* (LEWES/EiJ), Mus spretus (SPRET/EiJ), Mus caroli (CAROLI/EiJ) and Mus pahari (Mus pahari/EiJ) from the Jackson Laboratory (see [Text S1](#textS1){ref-type="supplementary-material"} in the supplemental material). A phylogeny of these *Mus* species retrieved from reference [@B21] is presented in [Fig. 1A](#fig1){ref-type="fig"}. In contrast to standard lines of laboratory mice, these wild-derived lines have never been rederived under sterile conditions. LEWES/EiJ, SPRET/EiJ, CAROLI/EiJ, and Mus pahari/EiJ were housed at the Jackson Laboratory for 26, 86, 26, and 32 generations, respectively. The mouse lines were moved to the University of California, Berkeley, and bred for one generation on identical diets (Teklad Global food, 18% Protein 6% Fat Rodent Diet) in the same room, and metagenomes from fecal samples collected from second-generation mice were sequenced on an Illumina NextSeq instrument (see [Fig. S1](#figS1){ref-type="supplementary-material"}[](#figS2){ref-type="supplementary-material"}[to](#figS3){ref-type="supplementary-material"}[S4](#figS4){ref-type="supplementary-material"} in the supplemental material). We were first interested in assessing whether bacterial lineages codiversified with their hosts. Metagenomic data were used to assemble contiguous sequences (contigs) from bacterial genomes. Homologous contigs for two bacterial species were detected in all four *Mus* species (Eubacterium plexicaudatum and *Anaerotruncus* sp. strain G3-2012). Phylogenetic analyses supported the hypothesis that these gut bacterial strains have codiversified with *Mus* species. The phylogenies of bacterial strains recovered from all four *Mus* species mirrored the host phylogeny ([Fig. 1B](#fig1){ref-type="fig"}). In addition, for all bacterial species for which homologous contigs were recovered from only three *Mus* species, sequence divergence between strains recovered from different *Mus* species was positively associated with the evolutionary time separating the hosts (significance of non-zero-slope *P* value = 0.0090; *R*^2^ = 0.344) ([Fig. 1C](#fig1){ref-type="fig"}). These bacterial species include Lactobacillus reuteri, Bacteroides uniformis, *Bacteroides* sp. strain 3-1-40A, *Bacteroides* sp. strain 2-1-22, and *Bacteroides* sp. strain 4-1-36. Therefore, wild-derived inbred lines of M. m. domesticus, M. spretus, M. caroli, and M. pahari harbor host species-specific gut bacterial lineages that reflect the evolutionary relationships of their hosts and that were stably maintained in mouse facilities for dozens of generations. These results extend previous observations that components of wild-derived gut microbiotas can be maintained within conventionally reared inbred mouse lines for \>10 generations ([@B22]), despite the effects of captivity on components of the microbiota ([@B23], [@B24]). We also observed that the genus-level compositional profiles of gut microbiotas of the four *Mus* species recapitulated the host phylogeny. Bray-Curtis dissimilarities among the genus-level compositional profiles of the gut microbiotas of the four *Mus* species were positively associated with the evolutionary time separating the hosts ([Fig. 1D](#fig1){ref-type="fig"}, significance of non-zero-slope *P* value = 0.0305; *R*^2^ = 0.729). These results mirror previous observations of concordance between host phylogenies and dendrograms of microbiota composition ([@B6], [@B19]). Together, our results indicate that some host species-specific members of the wild gut microbiota of *Mus* species have been maintained in captivity.

![Codiversification of gut microbiota with *Mus* species. (A) Phylogeny of *Mus* species (drawn using TimeTree \[[@B21]\]). MY, millions of years. (B) Phylogenies of gut bacterial species for which homologous genomic regions were recovered from each *Mus* species. The bootstrap support value for each four-taxon topology is included next to each tree. For a four-taxon phylogeny, there are only three possible topologies, and bootstrap support can be calculated for only a single node, because defining one node defines the entire tree. Branches of bacterial phylogenies are colored to indicate the host species from which they were recovered corresponding to the coloring scheme used in panel A. (C) Scatter plot displays sequence divergence among closely related bacterial strains recovered from *Mus* species as a function of host divergence time. Each point represents the sequence divergence between two homologous strains of the same bacterial species recovered from different *Mus* species. Significance of non-zero slope of regression line, *P* value \< 0.01. (D) Scatter plot displays genus-level microbiota dissimilarity (Bray-Curtis) as a function of host divergence time. Colored lines indicate best-fit regressions for pairwise comparisons containing Mus musculus *domesticus* microbiota (blue) or *Mus spretus* microbiota (yellow), both of which were compared to one another and to the *Mus pahari* microbiota. The black line represents best-fit regression for all pairwise comparisons. Significance of nonzero slope of black regression line, *P* value \< 0.05.](mSphere.00387-19-f0001){#fig1}
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Taxon abundance plot for the *M. m. domesticus* donor sample generated by MG-RAST ([@B40]). Download FIG S1, PDF file, 0.2 MB.
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Taxon abundance plot for the *M. spretus* donor sample generated by MG-RAST ([@B40]). Download FIG S2, PDF file, 0.2 MB.
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Taxon abundance plot for the *M. caroli* donor sample generated by MG-RAST ([@B40]). Download FIG S3, PDF file, 0.2 MB.
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Taxon abundance plot for the *M. pahari* donor sample generated by MG-RAST ([@B40]). Download FIG S4, PDF file, 0.2 MB.
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Supplemental methods and results. Download Text S1, PDF file, 0.1 MB.
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To test whether *M. m. domesticus* is adapted to its species-specific gut microbiota, we conducted microbiota transplant experiments in germfree mice. We transplanted the microbiotas of *M. m. domesticus*, *M. spretus*, and *M. pahari* into three groups of germfree *M. m. domesticus* (C57BL/6) (*n* = 10, 8, and 13, respectively) when the mice were 10 days old. In contrast to microbiota transplantation experiments into mice that developed in the presence of an uncontrolled microbiota, microbiota transplant experiments in germfree hosts allow explicit tests for adaptation of host lineages to the microbiota ([@B25]). We first tested whether the microbiotas of each *Mus* species successfully colonized *M. m. domesticus*. Previous experiments observed that gut bacteria from chickens displayed lower fitness in the mouse gut than did gut bacteria from mice ([@B26]). In contrast, we found that the transplantation of total microbiotas from the three wild-derived *Mus* species into germfree *M. m. domesticus* was comparably successful in every treatment ([Fig. 2](#fig2){ref-type="fig"}). 16S ribosomal DNA (rDNA) was sequenced from fecal samples from all donor and recipient mice ([Text S1](#textS1){ref-type="supplementary-material"} and [Table S1](#tabS1){ref-type="supplementary-material"}). Host species-specific microbiota compositions were maintained in the recipients into adulthood ([Fig. 2A](#fig2){ref-type="fig"} and [Text S1](#textS1){ref-type="supplementary-material"}). Adult recipient *M. m. domesticus* harbored gut microbiotas that were more compositionally similar to the microbiota of their microbiota donor than to the microbiota of any other donor ([Fig. 2A](#fig2){ref-type="fig"}; nonparametric permutation test *P* value \< 0.001 for each treatment). In addition, the community compositions of recipient *M. m. domesticus* reflected the evolutionary relationships among the donors ([Fig. S5](#figS5){ref-type="supplementary-material"} and [Text S1](#textS1){ref-type="supplementary-material"}). For example, gnotobiotic mice receiving the *M. m. domesticus* microbiota displayed microbiota compositions that were more similar to the microbiota of recipients of the *M. spretus* microbiota than the microbiota of recipients of the *M. pahari* microbiota. Microbiota colonization success, as measured by binary Sorensen-Dice microbiota dissimilarity between donor and recipient mice ([Text S1](#textS1){ref-type="supplementary-material"}), was not significantly different among treatments ([Fig. 2B](#fig2){ref-type="fig"}). Moreover, measuring colonization success for each bacterial genus individually revealed no bacterial genera that colonized significantly better in the *M. m. domesticus* treatment than in the *M. spretus* and *M. pahari* treatments ([Text S1](#textS1){ref-type="supplementary-material"}). In addition, the total bacterial load in fecal samples, as measured by quantitative PCR of 16S rRNA gene copy number, was comparable across treatments ([Fig. 2C](#fig2){ref-type="fig"}). Similarly, individual recipient mice harbored roughly equivalent numbers of bacterial lineages regardless of treatment ([Fig. 2D](#fig2){ref-type="fig"}). We also found that phylum-level compositional microbiome profiles of the three experimental groups of recipient *M. m. domesticus* were not more compositionally similar to one another than were the profiles of the donor species ([Fig. S6](#figS6){ref-type="supplementary-material"} and [Text S1](#textS1){ref-type="supplementary-material"}), contrasting results of previous gnotobiotic microbiome transplants between zebrafish and mice ([@B27]). These findings demonstrate that compositional differences between the gut microbiotas of closely related *Mus* species can be maintained in a common host genetic background and indicate the successful colonization of each *Mus* microbiota in germfree *M. m. domesticus*.

![Successful transplantation of gut microbiotas of *Mus* species into Mus musculus *domesticus*. The three *Mus* species shown are *M. m. domesticus, M. spretus*, and *M. pahari.* (A) Principal coordinate plot of Bray-Curtis dissimilarities among the gut microbiotas of microbiota donors (circles) and recipients (triangles). Circles and triangles are colored based on the host species of origin corresponding to the colors shown in [Fig. 1A](#fig1){ref-type="fig"}. (B to D) Bar plots display colonization success as measured by binary Sorensen-Dice dissimilarity between donor and recipient (B), bacterial load in recipients (C), and alpha diversity in recipients (D). Bars are colored based on host species of origin corresponding to the colors shown in [Fig. 1A](#fig1){ref-type="fig"}. Significance of nonparametric permutation tests and *t* tests are shown as not significant (ns) (*P* value \> 0.05).](mSphere.00387-19-f0002){#fig2}
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\(A\) Phylogeny of *Mus* species. The scale bar indicates divergence time in millions of years (MY). (B) Dendrogram of binary Sorensen-Dice dissimilarities among donors and recipients. The scale bar indicates binary Sorensen-Dice dissimilarity. In panels A and B, branches are colored corresponding to the colors shown in [Fig. 1](#fig1){ref-type="fig"}. Download FIG S5, PDF file, 0.06 MB.
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Scatterplot displays the phylum-level Bray-Curtis dissimilarities between the microbiotas of recipient mice (left) and between the microbiotas of donor mice (right). Mean of each group is denoted by a horizontal line. Significance of difference between means is indicated as "ns" (for not significant) by *t* test of logit transformed data (*P* value \> 0.05). Download FIG S6, PDF file, 0.04 MB.
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We observed several lines of evidence suggesting that *M. m. domesticus* has evolved in response to its microbiota since it diverged from other *Mus* species. We measured mouse body size over time in each treatment in order to test whether host growth rate was negatively associated with the evolutionary distance between donor and recipient hosts. Postweaning body weight increases are associated with larger litter sizes in lab mice ([@B28]), and body size affects success in dominance hierarchies and metabolic investment in offspring, both of which are key components of mouse fitness in the wild ([@B29]). *M. m. domesticus* inoculated with an *M. spretus* or *M. pahari* microbiota displayed a lower mean growth rate than did *M. m. domesticus* inoculated with an *M. m. domesticus* microbiota ([Fig. 3A](#fig3){ref-type="fig"} and [B](#fig3){ref-type="fig"} and [Table S2](#tabS2){ref-type="supplementary-material"}). On the basis of comparisons between treatments of mean fold change in body weight for 10-week-old mice, the recipients of the *M. m. domesticus* microbiota outgrew recipients of the *M. spretus* microbiota as well as recipients of the *M. pahari* microbiota, on average. This pattern was observed in both males ([Fig. 3A](#fig3){ref-type="fig"}) and females ([Fig. 3B](#fig3){ref-type="fig"}). Comparisons of linear mixed-effects models controlling for sex, cage, and initial body weight indicated a significant effect of microbiota treatment on the fold change in body weight at 10 weeks in both males and females (likelihood ratio test *P* value \< 0.05; [Text S1](#textS1){ref-type="supplementary-material"}). In addition, these tests supported the hypothesis that the *M. pahari* microbiota had a larger effect on the growth of gnotobiotic *M. m. domesticus* than did the *M. spretus* microbiota ([Text S1](#textS1){ref-type="supplementary-material"}). Of the 36 possible ways to order mean fold change in body weight in the males and females of the three treatments, the observed pattern, with *M. m. domesticus* above *M. spretus* above *M. pahari* in both sexes, is the single configuration predicted if *M. m. domesticus* has adapted to its gut microbiota since diverging from other *Mus* species. Moreover, recipients of the *M. pahari* gut microbiotas displayed reduced mean fold change in body weight at 10 weeks relative to germfree mice (*t* test *P* value \< 0.01), suggesting deleterious effects of *M. pahari* gut microbiotas on *M. m. domesticus* relative to the absence of a gut microbiota. These differences in host growth rate could not be attributed to differences in food consumption, which did not differ significantly between treatments ([Text S1](#textS1){ref-type="supplementary-material"}).

![Foreign microbiotas slow host growth rate and disrupt organismal phenotypes. (A and B) Line graphs display growth rates of recipient *M. m. domesticus* from 4 to 10 weeks of age for males (*n* = 18) (A) and females (*n* = 13) (B). The lines are colored by donor host species corresponding to the colors in [Fig. 1A](#fig1){ref-type="fig"}. Dashed lines indicate mean body weight of germfree mice (*n* = 16). The significance of microbiota treatment on fold change in body weight at 10-week-old mice is shown (\*, likelihood ratio test *P* value \< 0.05 \[[Text S1](#textS1){ref-type="supplementary-material"}\]). (C to E) Dot plots display relative weight of livers in male and female recipient mice (C), gonadal adipose tissues in female mice (D), and gastrocnemius, soleus, and tibialis muscles in male mice (E).The three *Mus* species shown are *M. m. domesticus, M. spretus*, and *M. pahari.* The colors indicate donor host species corresponding to the colors shown in [Fig. 1A](#fig1){ref-type="fig"}. The solid horizontal lines indicate the means and first and third quartiles, and dashed horizontal lines indicate mean trait values of germfree mice. Values that are significantly different by *t* test are indicated by asterisks as follows: \*, *P* value \< 0.05; \*\*, *P* value \< 0.01.](mSphere.00387-19-f0003){#fig3}
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Body, tissue, and organ weights of recipient mice. Download Table S2, XLSX file, 0.01 MB.
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It remains unclear whether the differential growth rate effects of native and foreign microbiotas are due to differences in community composition between foreign and native gut microbiotas (e.g., differences in the relative abundances of phyla) or to genetic differences between related microbial strains present in foreign and native gut microbiotas (e.g., those that have codiversified with host species). Comparing the relative abundances of bacterial genera across treatments ([Table S3](#tabS3){ref-type="supplementary-material"}, sheet 1) revealed no bacterial genera whose relative abundances were both significantly different between treatments and associated with host growth rate. This result suggests that fine-scale genetic differences among gut bacteria recovered from *Mus* species may underlie the differential effects of foreign and indigenous gut microbiotas on the growth rate of *M. m. domesticus*.
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Relative abundances of bacterial genera in donor and recipient mice (sheet 1). Cytokine and chemokine abundances in sea of recipient mice (sheet 2). Download Table S3, XLSX file, 0.04 MB.
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To further investigate how host growth was affected by indigenous and foreign gut microbiotas, we measured tissue and organ sizes of all gnotobiotic mice in each treatment. *M. m. domesticus* colonized with a foreign microbiota displayed enlarged livers at 10 weeks of age relative to *M. m. domesticus* colonized with its indigenous microbiota ([Fig. 3C](#fig3){ref-type="fig"}) and relative to germfree mice (*t* test *P* value \< 0.05 in each comparison). Our experiments were unable to determine the consequences of liver enlargement on the health or fitness of gnotobiotic mice, but in humans, an enlarged liver, i.e., hepatomegaly, has been associated with infection ([@B30]), metabolic syndrome ([@B31]), or autoimmune disease ([@B32]). In addition to enlarged livers, we also observed several sex-specific effects. *M. spretus* and *M. pahari* microbiotas were associated with reduced muscle content in males and fat content in females relative to the *M. m. domesticus* microbiota ([Fig. 3D](#fig3){ref-type="fig"} and [E](#fig3){ref-type="fig"}). In contrast, we did not observe reductions in muscle content in females or in fat content in males in these treatments ([Table S2](#tabS2){ref-type="supplementary-material"}). In addition, female and male mice inoculated with the *M. m. domesticus* microbiota displayed increased fat and muscle weight, respectively, relative to germfree mice (*t* test *P* value \< 0.05 in each comparison), but these significant effects were not observed in mice inoculated with foreign microbiotas. These observations indicate a role for the *M. m. domesticus*-specific gut microbiota in the postnatal development of body composition in male and female *M. m. domesticus*.

Next, we tested whether gnotobiotic *M. m. domesticus* displayed differential immune responses when inoculated with either native or foreign gut microbiotas. We reasoned that upregulation of immune response by foreign gut microbiotas relative to the indigenous gut microbiota would be consistent with adaptation of *M. m. domesticus* to its indigenous gut microbiota. To examine this possibility, we assayed cytokine and chemokine expression in all gnotobiotic mice in each treatment. Quantifying abundances of 25 cytokines/chemokines in sera of recipient mice in each of the transplant treatments at 10 weeks of age ([Table S3](#tabS3){ref-type="supplementary-material"}, sheet 2) indicated that *M. m. domesticus* colonized with an *M. spretus* or *M. pahari* microbiota displayed significantly altered immune response. Fisher's combined probability test across all cytokines and chemokines indicated significant differences between the *M. m. domesticus* treatments and the *M. spretus* and *M. pahari* treatments (*P* value \< 0.05 in both comparisons). False-discovery correction revealed a single chemokine, macrophage inflammatory protein 1β (MIP-1β/CCL3), that was differentially expressed in individuals colonized with the *M. m. domesticus* microbiota relative to individuals colonized with *M. spretus* or *M. pahari* microbiotas ([Fig. 4](#fig4){ref-type="fig"}). MIP-1β is released by macrophages in response to bacterial lipopolysaccharide ([@B33]), inducing the chemotaxis and adhesion of T cells (in particular CD8^+^ T cells) ([@B34]). In addition, experiments with colonic epithelial cell lines have shown that expression of this chemokine is induced by Escherichia coli, but not by commensal Bacteroides ovatus and Lactobacillus rhamnosus ([@B35]). The upregulation by foreign gut microbiotas of a chemokine associated with immune response is consistent with deleterious effects of foreign gut microbiotas on *M. m. domesticus*. However, these observations do not necessarily indicate a causal relationship between immune system activation by foreign gut microbiotas and the observed reductions in host growth rate (i.e., [Fig. 3](#fig3){ref-type="fig"}). Previous experiments have suggested that the immune system of *M. m domesticus* has adapted to its gut microbiota since diverging from humans ∼90 million years ago ([@B20]). Our results lend support to the possibility that the immune system of *M. m. domesticus* has adapted to its indigenous gut microbiota since the divergence of *M. m. domesticus* from other *Mus* species over the past ∼6 million years.

![Foreign microbiotas upregulate production of macrophage inflammatory protein. Dot plots display concentrations in blood serum of macrophage inflammatory protein 1β (MIP-1β) (CCL3) in recipient mice at 10 weeks of age (*n* = 31). The three *Mus* species shown are *M. m. domesticus, M. spretus*, and *M. pahari.* Colors indicate donor host species corresponding to the colors shown in [Fig. 1A](#fig1){ref-type="fig"}. Horizontal lines indicate means and first and third quartiles. The dashed horizontal line indicates the mean *MIP1b* concentration in germfree negative-control mice (*n* = 9). Asterisks indicate significance of *t* tests against the germfree treatment (\*, *P* value \< 0.05). MIP-1β expression in the gnotobiotic mice inoculated with *M. m. domesticus* microbiota did not differ significantly from the germfree treatment (*t* test *P* value \> 0.05).](mSphere.00387-19-f0004){#fig4}

Our results support the hypothesis that *M. m. domesticus* has adapted to its gut microbiota. An alternative explanation is that the *M. m. domesticus* gut microbiota increases host growth rate relative to the *M. spretus* or *M. pahari* gut microbiota regardless of host genetic background and that the reductions in growth rate that we observe are not a consequence of an evolutionary mismatch between host and gut microbiota. Differentiating between these alternative hypotheses will require reciprocal transplant experiments between germfree *Mus* lineages. However, this alternative cannot explain the relationship between evolutionary distance between donor and recipient and growth rate reduction, nor can it explain the observation that *M. m. domesticus* harboring an *M. spretus* or *M. pahari* gut microbiota grew more slowly than germfree *M. m. domesticus*. In addition, the composition of the gut microbiota can vary widely within individual mice ([@B36]), between mouse populations ([@B37]), and between mouse subspecies ([@B38]). Therefore, our observations indicate a need for microbiota transplant studies between additional strains of the *Mus* species examined in the present study to further test the hypothesis that *M. m. domesticus* has adapted to its gut microbiota.

We found that wild-derived inbred laboratory lines of *Mus* species harbor compositionally distinct gut microbiotas that reflect the unique evolutionary histories of their hosts. These microbiotas include bacterial lineages that appear to have codiversified with their hosts. The postnatal development of *M. m. domesticus* hosts was disrupted by the foreign gut microbiotas of *M. spretus* and *M. pahari*. In addition, foreign gut microbiotas of *M. spretus* and *M. pahari* induced upregulated immune responses in *M. m. domesticus* hosts compared to hosts colonized by the indigenous *M. m. domesticus* gut microbiota. These results are consistent with the hypothesis that *M. m. domesticus* has adapted to its host-species specific gut microbiota since diverging from other *Mus* species.

MATERIALS AND METHODS {#s3}
=====================

Animal husbandry and experimental protocol. {#s3.1}
-------------------------------------------

Two breeding pairs of LEWES/EiJ, SPRET/EiJ, CAROLI/EiJ, and Mus pahari/EiJ inbred mouse lines were obtained from the Jackson Laboratory. Lines were propagated for one generation in a shared room at the University of California, Berkeley, on sterilized Teklad Global food (18% Protein 6% Fat Rodent Diet) in accordance with an Animal Care and Use Committee (ACUC) protocol (AUP 2016-03-8548). Fecal samples from donor mice were collected at 20 weeks of age, flash frozen, stored at −80°C, and shipped on dry ice to the University of Nebraska---Lincoln. Fecal pellets were homogenized in sterile, prereduced phosphate-buffered saline (PBS) under anaerobic conditions, supplemented with 10% glycerol, and then stored at −80°C until administered to recipient mice.

Germfree C57BL/6 mice were born and reared in flexible film isolators and maintained under gnotobiotic conditions at the University of Nebraska---Lincoln. Breeding mice and pups (up to 21 days of age) were fed autoclaved LabDiet 5021 (Purina Foods, St. Louis, MO) *ad libitum*. After weaning (at 21 days of age), mice were fed autoclaved LabDiet 5K67 (Purina Foods) *ad libitum*. The germfree status of the breeding colony was confirmed routinely as described previously using culture, microscopy, and PCR ([@B39]). The Institutional Animal Care and Use Committee of the University of Nebraska---Lincoln approved all procedures involving animals (Project ID 1215). Microbiota transplant experiments included 8, 10, and 13 recipient mice for the *M. spretus*, *M. m. domesticus*, and *M. pahari* treatments, respectively.

A fecal slurry from an individual of each *Mus* species was introduced into one of three gnotobiotic isolators containing germfree C57BL/6 mouse breeding pairs nursing pups. One group of germfree mice was inoculated with PBS as a negative control (*n* = 16). Mice were inoculated orally at 10 ± 2 days after birth by introducing 50 μl of a fecal slurry into the mouth of each pup, with the leftover inoculum deposited on the parents' fur and the cage bedding. Pups were weaned at 21 ± 1 days after birth, and the parents were euthanized. The pups were maintained in gnotobiotic isolators (18 males and 13 females) and placed into separate cages according to sex. The pups were weighed weekly, and their fecal pellets were collected. At 10 weeks of age, the recipient mice were euthanized, and their blood and tissues were harvested. Growth rate was calculated against the baseline body weights measured in 4-week-old mice.

16S rDNA sequencing and qPCR. {#s3.2}
-----------------------------

Genomic DNA was extracted from fecal pellets from all donor and 6-week-old recipient mice with a bead-beating procedure (MO BIO PowerFecal DNA kit). The V4-V5 region of bacterial 16S rDNA from each extraction was amplified, and amplicons were sequenced on an Illumina MiSeq as described previously to a depth of \>10,000 reads per sample ([@B12]). Sample sizes and metadata are presented in [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material. All 16S DNA extraction, library prep, and sequencing procedures were conducted at the Microbial Analysis, Resources, and Services (MARS) facility at the University of Connecticut. In addition to 16S sequencing, total genomic DNA from donor mice was sequenced at the Integrative Microbiome Resource at Dalhousie University. Quantitative PCR (qPCR) was performed on fecal samples collected from 6-week-old gnotobiotic mice ([Table S1](#tabS1){ref-type="supplementary-material"}) on The BioMark Systems paired with the Fluidigm Dynamic Arrays at the University of North Carolina, Chapel Hill.

Metagenomic sequencing and data processing. {#s3.3}
-------------------------------------------

Total genomic DNA from donor fecal pellets was extracted via a bead-beating procedure (MO BIO PowerFecal DNA kit), libraries were prepared using the Illumina Nextera Flex kit, and libraries were sequenced on an Illumina NextSeq at a depth of ∼3.5 Mb per sample, yielding ∼2.9 million reads, ∼4.1 million reads, ∼1.9 million reads, and ∼3.5 million reads for the *Mus pahari* donor, the *Mus caroli* donor, the *Mus spretus* donor, and the Mus musculus *domesticus* donor, respectively. All DNA extractions, library preps, and sequencing were performed at the Integrated Microbiome Resources at Dalhousie University. Reads from shotgun metagenomes were classified to the genus level in Mg-RAST v4.0.2 ([@B40]) using default parameters. Reads were mapped to bacterial species, and strain-level phylogenetic analyses were conducted using StrainPhlAn v1 ([@B41]) using default parameters. Phylogenetic analyses of bacterial strains were bootstrapped in MEGA 7.0 ([@B42]). Taxon abundance plots for *M. m. domesticus*, *M. spretus*, *M. caroli*, and *M*. *pahari* derived from metagenomic data are presented in [Fig. S1](#figS1){ref-type="supplementary-material"}, [S2](#figS2){ref-type="supplementary-material"}, [S3](#figS3){ref-type="supplementary-material"}, and [S4](#figS4){ref-type="supplementary-material"}, respectively.

16S data processing. {#s3.4}
--------------------

Sequences were filtered for quality and collapsed into 97% nucleotide similarity operational taxonomic units (OTUs) in QIIME 1.9 ([@B43]) using default parameters. OTUs represented by fewer than two reads or detected in fewer than two samples were discarded to eliminate sequencing errors. The remaining OTUs were assigned to taxonomic ranks against the Silva database using uclust, and unclassifiable OTUs were removed. For all downstream analyses, each sample was rarefied to a depth of 10,000 reads.

Cytokine and chemokine quantification. {#s3.5}
--------------------------------------

Chemokine and cytokine levels were measured using a Mouse Cytokine/Chemokine Magnetic Bead kit (Milliplex; Millipore, Billerica, MA) and a MAGPIX instrument (Luminex Corporation, Austin, TX) per the manufacturer's instructions.

Statistical analyses. {#s3.6}
---------------------

Bray-Curtis and binary Sorensen-Dice dissimilarities and principal coordinates for 16S rDNA data were calculated in QIIME ([@B43]). Binary Sorensen-Dice dissimilarities were employed to calculate colonization success of microbiotas in gnotobiotic mice, because this dissimilarity measure summarizes overlap between microbiotas in terms of presence and absence of gut bacterial lineages. All linear models were fit using the "stats" package in R v3.5.0. Nonparametric permutation tests were employed to test for significant differences among treatments in microbiome dissimilarity. In addition, *t* tests were employed to test for differences among treatments in bacterial load, alpha diversity, body size, tissue and organ weights, and cytokine/chemokine abundances. Bonferroni-corrected *P* values for cytokine comparisons were calculated. For cytokine/chemokine analyses, males and females were analyzed separately, and *P* values were combined using Fisher's method for combined *P* values as implemented in the "metap" package in R v3.5.0.

Data availability. {#s3.7}
------------------

Metagenomic data are available in MG-RAST under accession no. 4783021.3, 4783019.3, 4783020.3, and 4783022.3. 16S rDNA data are available in the European Nucleotide Archive under accession no. [PRJEB33256](https://www.ebi.ac.uk/ena/data/view/PRJEB33256).
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